We have constructed a compact room-temperature mid-infrared spectrometer and gas sensor, based on quasi-phase matched difference-frequency generation in periodically poled ferroelectric crystals of the KTiOPO 4 family, namely: KTiOPO 4 , KTiOAsO 4 and RbTiOAsO 4 . The wide tunabilty of the spectrometer (3.1-3.75 mm) enables us to cover an entire vibrational band of gases such as methane and nitrous oxide. The high spectral resolution (B1 MHz) is used to investigate the spectral profile of the hyperfine components of a single rotational transition. The sensitivity of the described spectrometer is B75 parts per million. Applications of this technology include the detection of polluting or toxic gases, biomedical sensing, atmospheric research, volcanic monitoring and industrial process control. r
Introduction
There is considerable interest in developing sensitive yet robust and compact techniques for the detection of environmentally important gases and pollutants. The fundamental vibrational transitions of most molecules lie in the 2-20 mm wavelength region. Each material can be characterized by its unique 'fingerprint' absorption spectrum, thus mid-infrared (mid-IR) optical spectroscopy provides a convenient real-time method for the detection and discrimination of gases. This technique can also be used for quantitative measurements of gas concentrations, even in the presence of undesirable background gases. Mid-IR spectroscopy has many applications, including: industrial process control applications, analysis of gas emissions from automobiles, air quality monitoring in confined environments, atmospheric chemistry, volcanic research, biomedical applications etc.
While high sensitivity and improved spectral resolution are provided by coherent light sources, only few suitable laser sources currently exist in the mid-infrared range. Lead-salt lasers are usually multimode, require low temperature for CW operation, and often suffer from mode-hops during tuning. Several gas lasers also emit in the mid-IR range, but they are not continuously tunable and have large dimensions compared to solid state lasers. Recently, distributed feedback quantum cascade lasers were proposed as a promising technology for coherent radiation sources in the mid-IR range, but presently, they still also require cooling to low temperature for CW operation.
The development of techniques to modulate the nonlinear coefficient of materials with micron-scale resolution opened new possibilities for frequency conversion of lasers. In particular, it allowed the creation of new mid-infrared coherent radiation sources, for example via difference frequency generation (DFG) [1] [2] [3] or optical parametric oscillation (OPO) [4] . Nonlinear frequency mixing is based on compact and efficient lasers, which presently exist mainly in the near infrared region, and the resulting sources are characterized by a wide tunability range and high spectral resolution. In the case of DFG, the wide range and continuous tuning is easily achieved, since the idler wavelength is determined by the pump and signal wavelengths, and only the conversion efficiency depends on the phase-matching conditions. Moreover, unlike in OPO, there is no threshold requirement for DFG.
During the last few years, methods for modulating the nonlinear coefficient in nonlinear materials were developed. With these techniques, the concept of quasiphase-matching [5] could be realized, for example in ferroelectric crystals via the electric-field poling scheme. This technique was already successfully applied to LiNbO 3 [6] , KTiOPO 4 (KTP) [7, 8] , LiTaO 3 [9] , RbTiOAsO 4 (RTA) [10, 11] and KTiOAsO 4 (KTA) [12] crystals.
In this paper, we report the development and results of a table-top roomtemperature gas sensor, designed for high resolution sensitive absolute measurements of gases that exhibit absorption lines in the 3.1-3.75 mm spectral range. The tunabilty of the spectrometer and its high spectral resolution are used to study entire vibrational bands as well as fine details within the absorption spectra of methane (CH 4 ) and nitrous oxide (N 2 O).
Experimental setup
The DFG experimental setup is shown in Fig. 1 . It consists of two compact singlemode laser sources: a diode-pumped Nd : YAG laser at 1064.4 nm and an external cavity tunable diode laser near 1.55 mm (tuning range B100 nm). The beams of the pump and signal lasers are combined collinearly using a dichroic beamsplitter and are focused onto the periodically poled nonlinear crystal.
We used three different multi-grating periodically poled (PP) crystals of the KTP family in our spectrometer, namely: PP-KTP [1] , PP-KTA [2] and PP-RTA [3] . Of these three crystals, KTP [13] is the most commonly used one and is commercially available from a variety of suppliers at a relatively low price. It exhibits a high damage threshold and is less sensitive to thermal sensing, compared to LiNbO 3 . KTP is transparent over a wide wavelength range: 350-4000 nm. Unfortunately, it also exhibits significant absorption around E3.3 mm. One of the important characteristics of the alkali metal titanyl arsenate crystals, such as KTA and RTA, is that in addition to maintaining most of the valuable properties of KTP, e.g. high damage threshold and low coercive field, they also lack the significant absorption that KTP exhibits around E3.3 mm. Moreover, they enjoy a longer cutoff wavelength of E5.3 mm, compared to E4 mm in KTP [14, 15] . While flux-grown KTP and KTA crystals should either be cooled to low temperature (E170 K) [8] or pre-treated by chemical indiffusion of Rb ions [16] , RTA crystals have been poled near room temperature without any pre-treatment [10] . Furthermore, since the poling field increases as the temperature decreases, the electric field required to pole RTA near room temperature is E2.5 kV/mm [10, 11] , less than half of that required for KTP and KTA at 170 K, and approximately an order of magnitude lower than that of LiNbO 3 [17] . Owing to that, fairly thick samples (E3 mm) have been periodically poled by electric field [18] .
The grating periods were between 35.7 and 40.2 mm, depending on the crystal, with a B50% duty cycle. In order to effectively generate the mid-IR coherent radiation, we use the largest element of the nonlinear coefficient tensor, d 33 : The variety of crystals, as well as the multi-grating structure, enable us to generate widely tunable mid-IR coherent radiation between 3.1 and 3.75 mm. The same technique may be used to generate coherent radiation up to an idler wavelength of B5 mm, limited only by the transparency of the nonlinear crystal [15] .
The generated mid-IR radiation is detected with a liquid-nitrogen-cooled HgCdTe detector that exhibits a relatively low noise-equivalent-power of B1 pW/OHz. A tilted uncoated germanium window is used to block the pump and signal beams from entering the detector. The signal beam is chopped at a rate of B1.5 kHz, and the idler is detected with a lock-in-amplifier. The wavelengths of the pump and signal lasers are measured using a wavemeter.
Spectroscopic measurements
In order to perform spectroscopic measurements, we use a 10-cm-long absorption cell with windows that are transparent in the mid-IR. To demonstrate the use of our laser spectrometer and to test its performance, we measure the absorption spectra of methane (CH 4 ) and nitrous oxide (N 2 O) at B3.3-3.5 mm. The absorption cell is evacuated to a vacuum level of B50 mTorr by a rotation vacuum pump, and then filled with the inspected gas. The pressure of the gas in the absorption cell is monitored on-line throughout the experiment with a vacuum gauge. The wide tunabilty of the spectrometer enables us to cover entire vibrational bands of methane and of nitrous oxide. The high spectral resolution (B1 MHz) is useful for investigating hyperfine components of a single rotational transition.
Methane (CH 4 )
We measure the absorption spectrum of methane near the n 3 -band at 3.3 mm, which is one of its four fundamental vibration bands. Fig. 2a shows our measurements of this vibration band (performed with PP-KTP). Note the residual envelope when measuring in vacuum which is due to the wavelength-dependent efficiency curve of the nonlinear device.
The generated coherent source had a narrow linewidth (B1 MHz), which enables us to perform high spectral resolution measurements. For example, the splitting of the P(6) line into 6 hyperfine components is clearly seen in Fig. 2b . Further magnification reveals details within one absorption line, and enables us to investigate, for example, its pressure broadening (Fig. 2c) . Fig. 3a shows a scan of the same P(6) hyperfine splitting, performed by Barnes et al. using FTIR spectrometer [19] . This scan was performed with a spectrometer that had a much lower spectral resolution compared to our DFG source (about 500 MHz compared to B1 MHz). Consequently, it can be seen that lines that are not fully resolved in [19] are clearly separated in our measurement, see Fig. 3b . Note that the main broadening mechanism in the measurements shown in Fig. 3 is the Doppler broadening, having a full width at half maximum linewidth of B280 MHz, which is of the same order as the FTIR spectrometer resolution. Therefore, the resolution is limited also by the absorption linewidth. However, the narrow linewidth of the DFG-based spectrometer can be of great importance when performing sub-Doppler [20] or low-pressure measurements.
The lineshape of an absorption line is generally given by the Voigt profile [21] : where y represents the ratio of Lorentz to Doppler half-widths and is given by
where a D is the Doppler half-width, given by
and a L is the Lorentz half-width (in Hz). n 0 is the frequency at the center of the line (in Hz), T is the temperature (in Kelvin), m is the molecular mass (in atomic mass units) and x is the distance from this frequency scaled in units of Doppler width:
The absorption coefficient, a; is given by aðxÞ ¼ 3Â10 6 VðxÞSC gas ðm À1 Þ; ð5Þ [19] using FTIR spectrometer (spectral resolution B500 MHz) [19] . (b) Performed using our spectrometer.
where S is the line strength (in cm 2 cm À1 ) and C gas is the concentration of the gas (in m À3 ), which can be calculated from the ideal gas law and is given by
where P gas is the gas partial pressure (in atm), NA ¼ 6:022Â10 23 ðmol À1 Þ is Avogadro's number and R ¼ 8:3144 ðJK À1 mol À1 Þ is the universal gas constant. Combining Eqs. (5) and (6) we get aðxÞ ¼ 3:
The transmission, T; is simply
where L is the length of the absorption cell (in m). The line strengths and the airpressure broadening coefficients of these lines are taken from the HITRAN database [22] , see Table 1 . The central wavenumbers of these absorption lines were calculated from the measured wavenumbers of the Nd : YAG and external cavity lasers. We use the data from the HITRAN database as well as the theoretical Voigt profile to fit the transmission measurements near the splitting of the P(6) line for methane mixed with air (total pressure 29 Torr; 5% Methane=1.45 Torr). Both the theoretical curve and the measured transmission are shown in Fig. 4 , and it can be seen that there is excellent agreement between them. For a line with well-known parameters, this theoretical model enables to measure concentrations of the gas in ambient air. For weak absorptions
where a max is the absorption coefficient at the central frequency. Assuming that SNR of 1 is sufficient for detection, and with a minimum detectable change in the transmission, DT min ; we get: Table 1 Line strengths and air-pressure broadening coefficients of the 6 hyperfine components of the P(6) line of methane (taken from the HITRAN database [22] Using Eqs. (5) and (10) and the relation between the Voigt profile value at the central frequency and the Lorentz half-width:
we can calculate the minimum detectable concentration of methane, C min :
where k gas2air is the air-pressure broadening coefficient (in cm À1 atm À1 ) and P total is the total pressure (in atm). Since the total concentration of molecules (air+methane) is given by the ideal gas law:
it follows that the fractional concentration of methane is
For the P(6) transition, typical values are: SE10 À19 cm and k CH 4 Àair E0:06 cm À1 atm À1 . Since neither the optical elements nor the crystal were anti-reflection coated, the measurements exhibited significant etalon effects, thus DT min E0:01: Therefore, the minimum detectable fractional concentration of methane at room temperature is E75 ppm (parts per million). By using coated optics and crystals to reduce the etalon effects, as well as more sensitive detection schemes such as FM spectroscopy, DT min can be lowered to 10 À5 [23] . Furthermore, the effective absorption length can be increased to the range of 30-100 m using a multipass cell. Thus, the sensitivity can be significantly improved to the ppb (parts per billion) range.
Nitrous oxide (N 2 O)
We measure the absorption spectrum of nitrous oxide near 3.6 mm. The stronger lines are for the vibrational transition 0000-0111, and some weaker lines are for the 0110-0221 and the 0110-0201 overtone transitions. Fig. 5 shows our measurements of these lines (performed with PP-KTA) for two nitrous oxide pressures. Note that the line strength of these lines is approximately lower by two to three orders of magnitude compared to that of methane. As with methane, the narrow linewidth of the generated radiation (B1 MHz) enables us to perform measurements with high spectral resolution. Fig. 6 shows the effect of pressure broadening on a single transition at 2816.449 cm À1 . This line can be identified in the HITRAN database, and its assignment is: 0000-0111, R(23). 
Summary and conclusions
In conclusion, we have constructed a compact room-temperature mid-infrared laser spectrometer, based on quasi-phase matched DFG in periodically poled ferroelectric crystals of the KTP family. The spectrometer has been designed for high resolution sensitive measurements of gases that have absorption lines in the 3.1-3.75 mm spectral range. The tunabilty of this spectrometer and its high spectral resolution (B1 MHz) enabled us to study entire vibrational bands, as well as fine details within the absorption spectra of methane (CH 4 ) and nitrous oxide (N 2 O). Naturally, it can be used as a gas sensor for any other gas which absorbs in the above mentioned spectral range, where most environmentally important gases and pollutants exhibit their strongest absorption lines.
We have shown that this compact and robust source is suitable for sensitive quantitative concentration measurements. With a rather short absorption cell (B10 cm) we have demonstrated a minimum detectable concentration of 75 ppm. The sensitivity can be further improved to the ppb range, for example by using a longer absorption path length or by applying a proper anti-reflection coating to the optical elements.
Further improvements in sensitivity can be attained by using advanced and more sophisticated spectroscopy techniques, instead of the simple absorption spectroscopy scheme that was used here. Examples for such techniques are: FM sideband spectroscopy [23, 24] and intra-cavity ring down spectroscopy [25] .
Recently, we have proposed novel quasi-periodic nonlinear mixers [26] that exhibit simultaneous phase-matching for several nonlinear interactions. A laser spectrometer based on such mixers will have the advantage of covering several different spectral ranges, which are determined by the conversion efficiency curve. If the mixer is designed to have a conversion efficiency curve that is proportional to the relative strength of the absorption profile of a specific gas, it can act as a discriminator against other gases, which absorb in the same spectral range.
